INTRODuCTION
There are 14 million yak (Bos grunniens) and fewer indigenous cattle (Bos taurus) and their crossbreeds in the environment of the Qinghai-Tibetan plateau, and they are largely dependent on the native grassland for survival. Yak have evolved some genetic mechanisms to adapt to low oxygen and seasonal nutrition stresses (Qiu et al., 2012) . Moreover, Long et al. (1999) speculated that yak can efficiently use N under malnutrition conditions, which was later confirmed (Long et AbSTRACT: The gastrointestinal lumen can directly absorb all di-and tripeptide protein degradation products, and oligopeptide absorption depends on the specific peptide transport carriers, which are located in gastrointestinal epithelial cells on the brush border membrane. Yak (Bos grunniens) use N more efficiently than cattle do, which implies that yak have a specific mechanism of nonprotein utilization including a peptide absorption mechanism. However, this mechanism has not been clarified. Our objective was to explore whether yak possess any adaptive mechanisms of peptide absorption to survive in the harsh foraging environment of the Qinghai-Tibetan plateau. Twelve castrated males of each of 2 genotypes, yak (B. grunniens) and indigenous cattle (Bos taurus), were fed diets of various N levels. The yak PepT1 (yPepT1) cDNA was cloned in omasum epithelial tissue. Our results showed that the full-length yPepT1 cDNA contains 2,805 bp, and a 2,121-bp open reading frame encodes a putative protein of 707 AA residues. The yPepT1 AA sequence identified 5 putative extracellular N-glycosylation sites (Asn 406 , Asn 434 , Asn 438 , Asn 498 , and Asn 508 ), 2 putative intracellular protein kinase A sites (Ser 271 and Thr 359 ), and 3 intracellular putative protein kinase C sites (Ser 252 , Ser 266 , and Ser 357 ). The yPepT1 AA sequence was 99, 95, 86, and 83% identical to PepT1 from cattle (B. taurus), sheep (Ovis aries), pigs (Sus scrofa), and humans (Homo sapiens), respectively. The relative PepT1 mRNA expression for indigenous cattle was greater than yak in the rumen, omasum, duodenum, ileum, and liver (P < 0.001); however, it was lower in jejunum tissue (P < 0.01). The relative PepT1 mRNA expression in response to increasing dietary N for both genotypes were linear in the rumen and jejunum (P < 0.10); quadratic or cubic in the reticulum (P < 0.01); linear or quadratic in the duodenum, ileum, and liver (P ≤ 0.01); and linear, quadratic, or cubic in the omasum (P < 0.001). Moreover, there were significant interactions between genotype and dietary N in rumen, reticulum, omasum, duodenum, jejunum, ileum, and liver tissues. In conclusion, the PepT1 profile and expression in gastrointestinal epithelial cells of yak varied from those of cattle, implying that yak have evolved a peptide transport mechanism to adapt the environment of the Qinghai-Tibetan plateau. al., 2004 Wang et al., 2009a Wang et al., , 2011a Guo et al., 2012) . Previous studies showed that the gastrointestinal lumen can directly absorb some di-or tripeptide protein degradation products (Newey and Smyth, 1960; Daniel, 2004; Daniel et al., 2006; Vig et al., 2006) , and the oligopeptide absorption depends on the peptide transport carrier PepT1, which is located in gastrointestinal epithelial cells on the brush border membrane (Fei et al., 1994; Pan et al., 2001; Klang et al., 2005) . PepT1 mRNA expression is regulated by many factors, especially the source and level of dietary N. When fed diets with different N content, peptide concentrations in the gastrointestinal tract of calves (Danilson et al., 1987) , dairy cattle (Chen et al., 1987) , and sheep (Jayawardena and Webb, 1999) are different. Dietary N can significantly affect PepT1 mRNA expression in chickens (Chen et al., 2005) , grass carp , and lactating goats . However, there have been no reports on the PepT1 profile, expression, and regulation in yak to explain their more efficient mechanism of N utilization. To explore whether yak possess any adaptive mechanisms of peptide absorption and regulation to survive in the harsh foraging environment, 2 experiments were conducted: the full-length yak PepT1 (yPepT1) cDNA was cloned, and the differences in PepT1 mRNA expression between yak and indigenous cattle were determined under diets with different N levels.
MATERIALS AND METHODS
The Animal Ethics Committee of Gansu Province, P.R. China, approved the experimental protocols.
Experiment Design and Sample Collection
Twelve 3-yr-old castrated males of each of 2 genotypes, yak (198 ± 15 kg average BW) and indigenous cattle (203 ± 5 kg average BW), were selected from the Wushaoling pasture farm located in the alpine meadow grassland of the Tianzhu Autonomous County, Gansu province, at 37°12′ N, 102°52′ E, and used as experimental animals. The yak graze year-round, whereas the indigenous cattle are fed indoors in winter and early spring on the Qinghai-Tibetan plateau. Before the feeding experiments, all animals had free access to oat hay for a 15-d period followed by a feeding trial. Each genotype was first divided into 4 groups, and 3 animals of each genotype were fed 1 of 4 experimental diets with different N levels: 10.3, 19.5, 28.5, or 37.6 g N/kg DM (Table 1) . Therefore, the experiment used a 2 × 4 factorial arrangement of treatments. During the feeding trial period, the animals were fed 3 kg of the experimental diet daily, half at 0800 h and half at 1800 h. All animals were individually housed in metabolism crates with ad libitum access to water. Following the feeding trial, the animals were slaughtered and tissues were evaluated.
Animals were slaughtered in our meat lab on the morning of d 31 of the feeding experiment, and all animals were fasted for 1 d prior to slaughter. All animals were stunned by a captive bolt pistol and killed by exsanguination. The samples were collected according to the procedure by Chen et al. (1999) . All tissue samples were taken from the same location in each animal. We cut open the entire stomach along the dorsal line, emptied the stomach contents, and then removed the fundic region of the rumen, reticulum, and omasum and washed the tissues with ice-cold 0.9% saline. Rumen, reticulum, and omasum epithelial tissues were peeled from the underlying and connective tissues. The abomasum and intestinal sections, including the duodenum, jejunum, ileum, cecum, and colon, were cut along the dorsal line, and the contents were emptied. The fundic region of these tissues was then removed and washed with ice-cold 0.9% saline, and the epithelium was scraped using a glass slide. The collected duodenum tissue was the first 1 m of the small intestine beginning at the pyloric sphincter; the ileum tissue was the distal 1 m portion of the small intestine that ended at the ileocecocolic junction. About 1 m from the middle of the small intestine was taken as the jejunum tissue. The colon and cecum tissues were taken starting from the ileocecocolic junction. The liver was also sampled. All the tissues and scrapings were quickly frozen in liquid N and later stored at −80°C. Part of the yak omasum epithelium sample was used for cloning the full-length PepT1 cDNA, and all tissue samples were used for the relative PepT1 mRNA expression analysis.
Ribonucleic Acid Isolation and First-Strand cDNA Synthesis
Total RNA was isolated from the rumen, reticulum, omasum, abomasum, duodenum, jejunum, ileum, cecum, colon, and liver tissues using an RNA extraction kit (Takara, Shiga, Japan). The quantity of RNA was detected by a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington,DE) and the purity assessed by the ratio of absorbance value at 260 nm to its at 280nm (A 260 /A 280 ratio). The RNA integrity was assayed by 1.5% agarose gel containing 1 pg/mL ethidium bromide. The first-strand cDNA was synthesized using 3 μg total RNA, 1 μL oligo dT, 1 μL deoxyribonucleotide triphosphate mixture, and water to 10 μL; incubated at 65°C for 5 min; and cooled on ice. Then, 4 μL 5x PrimeScript II buffer (Takara), 0.5 μL ribonuclease inhibitor, 1 μL PrimeScript II RTase (Takara), and water were added to 20 μL and the reaction was extended for 50 min at 42°C, inactivated at 95°C for 5 min, and stored at −80°C.
Cloning Full-Length Yak PepT1 cDNA
The primers for the yPepT1 cDNA sequence were designed using Primer 5.0 (PREMIER Biosoft International, Palo Alto, CA) based on cattle (NM_001099378) and sheep (NM_001009758) PepT1 cDNA sequences. The PCR primers were forward 5′-CCC CTTGAGCATCTTCTT-3′ and reverse 5′-GGAGT CTAGCTTGGCGTAT-3′. The yPepT1 cDNA from omasum epithelium tissue was amplified by conventional PCR. The PCR conditions were 94°C for 5 min, 30 cycles of 98°C for 10 s, 54.5°C for 30 s, and 72°C for 1 min. The PCR products were separated by electrophoresis on a 1.5% agarose gel. The DNA products were cloned into pMD18-T (Takara) and then sequenced. After obtaining the central core sequence of yPepT1, the full-length cDNA was isolated using the SMART RACE cDNA amplification kit (Clontech Laboratories, Inc., Palo Alto, CA). Specific nested PCR primers were designed based on the partial sequences (Table 2) . For 3′ rapid amplification of cDNA ends (RACE), 2 amplifications were performed under the same conditions: 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min for 33 cycles. For 5′ RACE, the amplification conditions were 94°C for 30 s, 68°C for 30 s, and 72°C for 1 min for 33 cycles.
Quantification of mRNA by Real-Time PCR Analysis
Real-time PCR was determined by Applied Biosystems 7500 quantitative PCR (Applied Biosystems, Foster City, CA). 18S RNA was used as an endogenous control to normalize target gene transcript levels. The cDNA was diluted to 50 μg/μL before all real-time PCR analyses. The same primer for yak and indigenous cattle was designed with Primer 5.0 (Table 2) . Real-time PCR was completed using SYBR Premix Ex Tap II (Takara) containing MgCl 2 , deoxyribonucleotide triphosphates, and HotStarTaq polymerase and 1 μL each of the forward and reverse primers, and 12.5 μL SYBR Premix Ex Taq II (Takara) and 2 μL of cDNA template were added to a 25-μL total volume; the final concentrations of cDNA and 18S RNA primer were 4 ng/μL and 0.4 μmol/L, respectively. A no-template (sterile distilled water) negative control was added on each plate run to screen for possible contamination and dimer formation and to set background fluorescence for plate normalization. Real-time PCR was initiated with 30 s of denaturation at 95°C followed by 40 cycles of amplification at 95°C for 5 s and 60°C for 30 s. A melting curve was produced from 60°C to 95°C to confirm the specificity of the amplified product. Each amplification was duplicated (Cycle threshold [Ct] values ranged from 21.34 to 31.55) and the mean value was calculated using the ΔΔCt method (Livak and Schmittgen, 2001) , the relative PepT1 mRNA expression was calculated as R = 2 −ΔΔCt , and all the relative PepT1 mRNA expression in yak rumen tissue (10.3 g N/kg DM) was used as calibrator for all the other relative PepT1 mRNA expression.
Bioinformatics Analysis
The AA sequences were analyzed using the open reading frame finder program from the National Center for Biotechnology Information (http://www.ncbi.nlm. nih.gov/gorf/gorf.html; accessed September 19, 2015) . Amino acid sequences were aligned with the multiple alignment program of the biological analysis software DNAman (Lynnon Corporation, Pointe-Claire, QC, Canada). The phylogenetic tree was constructed using MEGA 6.0 (Terova et al., 2009 
Statistical Analysis
Data were analyzed using the MIXED procedure of SAS 9.2 (SAS Inst. Inc., Cary, NC) according to the following model:
Y is the dependent variable, μ is the overall mean, N is the effect of dietary N level, G is the effect of cattle genotype, N × G is the interaction between dietary N level and genotype, and E is the residual error. Dietary N level and genotype were fixed effects. Polynomial contrasts for the effect of N level as well as for the genotype × N level interactions were used to evaluate treatment effects. Comparisons between genotypes within each level of dietary N were made using t tests when at least 1 contrast assessing the genotype × dietary N level interaction was significant. These t tests were performed to ensure that interpretations of the contrasts were clear. Differences were considered significant at P < 0.05, and tendencies were considered at P < 0.10.
RESuLTS

Molecular Characteristics of PepT1 cDNA and AA Sequence Analysis
The yPepT1 cDNA was isolated from yak omasum epithelium tissue, cloned by reverse transcription PCR, and sequenced. The full-length yPepT1 cDNA is 2,805 bp (GenBank accession code KT725253); it contains a 5′-untranslated region (81 bp), a 3′-untranslated region (682 bp), and an open reading frame of 2,121 bp encoding a putative protein of 707 AA. At the 3′ end, the cDNA includes a polyadenylation signal (AATAAA) 14 nucleotides preceding the poly A tail. The putative protein has a pI of 7.1 and protein molecular weight of 78.4 kDa. The yPepT1 (B. grunniens) is predicted to adopt a putative 12-transmembrane-domain structure, with intracellular amino and carboxyl termini, an elongated intracellular loop of 56 residues between the sixth and seventh transmembrane domains, and a large extracellular loop of 203 residues between the 9th and 10th transmembrane domains. It was predicted to contain 5 putative extracellular N-glycosylation sites (Asn 406 Fig. 1 ).
PepT1 Homology Analysis and Construction of Phylogenetic Trees
Analysis using the biological software DNAman and MEGA 6.0 showed that the predicted yPepT1 AA sequence similarity with other species ranged from 57 to 99%, including mammalian (humans, 83%; cattle, 99%; sheep, 95%; pigs, 86%; rats, 81%; and rabbits, 79%), avian (chickens, 64%, and turkeys, 64%), and fish species (carp, 58%; sea bass, 57%; zebrafish, 58%; and Atlantic cod, 58%). The established phylogenetic tree (Fig. 2) shows that yak, cattle, and sheep belong to artiodactyla, gathered into 1 group, with the fish gathered into the other group.
Effect of Dietary Nitrogen Level on PepT1 mRNA Expression in Yak and Indigenous Cattle
As the feeding and slaughter trial described, yak and indigenous cattle were fed the 10.3, 19.5, 28.5, and 37.6 g N/kg DM diets, and their tissues were then analyzed for the relative PepT1 mRNA expression by PCR and real-time PCR. As shown in Table 3 , there was a significant difference in the relative PepT1 mRNA expression of rumen, omasum, duodenum, jejunum, ileum, and liver tissues between the 2 genotypes (P < 0.05). Moreover, as dietary N content increased, the relative PepT1 mRNA expression increased in the rumen (P < 0.001). For the reticulum, omasum, duodenum, ileum, and liver, the relative PepT1 mRNA expression demonstrated quadratic or cubic responses to dietary N concentration (P < 0.05).
Significant interactions between genotype and dietary N were also detected for the relative PepT1 mRNA expression in rumen, reticulum, omasum, duodenum, jejunum, ileum, and liver tissues (linear, quadratic, or cubic dietary N × genotype, P < 0.05). Moreover, when the 2 genotype animals were fed the 10.3 g N/kg DM diet, the relative PepT1 mRNA expression was greater in omasum (P = 0.02), duodenum (P < 0.01), ileum (P = 0.01), and liver (P = 0.01) tissues but lower in jejunum tissue (P < 0.01) for indigenous cattle than for yak; when the 19.5 g N/kg DM diet was fed, the relative PepT1 mRNA expression was greater in rumen and reticulum (P = 0.02), omasum, jejunum, and liver (P < 0.01) tissues but lower in ileum tissue (P = 0.04) for indigenous cattle than for yak (P < 0.05); when the 28.5 g N/kg DM diet was fed, the relative PepT1 mRNA expression was greater in rumen (P = 0.03), omasum (P < 0.01), duodenum and ileum (P = 0.02), and liver (P = 0.01) tissues but lower in reticulum tissue (P = 0.04) for indigenous cattle than for yak, and the relative PepT1 mRNA expression was greater in duodenum and ileum (P < 0.01) tissues but lower in jejunum tissue (P = 0.04) for indigenous cattle than for yak fed the 37.6 g N/kg DM diet.
DISCuSSION
The yPepT1 Sequence Profile
The present study successfully cloned PepT1 from yak omasum epithelial tissue. The full length of yPepT1 cDNA (2,805 bp) is slightly longer than that of cattle (B. taurus; 2,742 bp; Zimin et al., 2009) ; the putative protein length (707 AA residues) is the same as that for cattle (B. taurus; Zimin et al., 2009) , sheep (Ovis aries; Pan et al., 2001) , and rabbits (Oryctolagus cuniculus; Fei et al., 1994) but shorter than that for pigs (708 residues; Klang et al., 2005) and Tibetan pigs (Sus scrofa; 708 residues; Wang et al., 2009b) . However, the predicted yPepT1 sequence differs from the cattle sequence at 4 AA (B. taurus; Zimin et al., 2009) , that is, Glu 258 (yak):Gln 258 (cattle), Asp 512 (yak):Asn 512 (cattle), Gln 536 (yak):Pro 536 (cattle), and Ser 544 (yak):Pro 544 (cattle). The pI of yPepT1 (7.1) is lower than that of cattle (7.9; Zimin et al., 2009 ) but greater than that of sheep (6.6; Pan et al., 2001) . The topology of the yPepT1 transmembrane domain (12), except for pigs (S. scrofa; 13; Klang et al., 2005) , is the same as other species (O. cuniculus [Fei et al., 1994] , Homo sapiens [Liang et al., 1995] , Rattus norvegicus [Satio et al., 1995] , Mus musculus [Fei et al., 2000] , O. aries [Pan et al., 2001] , Gallus gallus [Chen et al., 2002] , and B. taurus [Zimin et al., 2009] ). Previous reports indicated that certain residues of PepT1 play important roles in protein function and structure (Brandsch et al., 1994; Döring et al., 1996; Ashida et al., 2002) . The present study indicated that the number of transmembrane domains (12) in PepT1 of yak is the same as that of cattle (Zimin et al., 2009 ), but the number of putative extracellular N-glycosylation sites that we identified in yak (5 sites) is different than that reported in cattle (6 sites; Zimin et al., 2009) , which may reflect the high conservation in transmembrane domains but low conservation in the large extracellular loop of PepT1.
Genotype Effect on PepT1 mRNA Expression
PepT1 belongs to the SLC15 family of oligopeptide transporters and is a low-affinity, high-capacity, H + -coupled, peptide transport carrier (Fei et al., 2000; Van et al., 2005) that is mainly distributed in the brush border membrane of gastrointestinal epithelial cells (Kottra et al., 2002) and depends on the brush border Na + /H + exchange system in the cells to transport small peptides (Fei et al., 1994; Liang et al., 1995; Daniel et al., 2006; Feng et al., 2013) . It has been previously reported that the PepT1 mRNA distribution can differ among species. For example, it is detected in all gastrointestinal tissues for cattle (Li et al., 2008) ; in the rumen, omasum, and small intestine but not in abomasum, cecum, colon, and liver tissues for sheep (Pan et al., 2001) ; in the small intestine for pigs (Klang et al., 2005) ; in the small intestine and cecum but not in the liver for chickens (Chen et al., 2002) ; and in the small intestine and colon but not in the stomach and cecum for rabbits (Freeman et al., 1995) . The present study indicated that the PepT1 mRNA was detected in the whole gastrointestinal and liver tissues for yak and indigenous cattle. Moreover, the results also showed that there was a genotype effect for the relative PepT1 mRNA expression between yak and indigenous cattle, which implied that there was different genetic potential for gastrointestinal peptide transport.
Previous work has shown RUP can boost postruminal supply of protein (Sindt et al., 1993; Zinn and Owens, 1993; Scholljegerdes et al., 2004; Habib et al., 2001) . Moreover, Wang et al. (2011a) reported the urinary purine derivative N excretion index for yak was greater than for indigenous cattle, which implies a greater microbial protein supply for yak. The present data showed that the relative PepT1 mRNA expression was greater in rumen, omasum, duodenum, and ileum tissues of indigenous cattle than yak fed the diets in which N level ranged from 10.3 to 37.6 g N/kg DM. However, it was interesting that the relative PepT1 mRNA expression was greater in yak jejunum tissue. The reason may be that yak had greater MP flow to the intestine, with the MP more efficiently absorbed via jejunum epithelial cells. The genotype effects on the relative PepT1 mRNA expression confirmed yak have adaptive mechanisms of peptide absorption, which might aid survival in the alpine environment.
Dietary Nitrogen Level Regulates the Expression of Alpine Ruminant PepT1
Previous study indicated that dietary N is a regulator of peptide transport activity (Ferraris et al., 1988; Erickson et al., 1995; Chen et al., 2005; Terova et al., 2013) . The present study also indicated that when yak and indigenous cattle were fed 30.9 to 112.8 g N/d, there were significant responses in the relative PepT1 mRNA expression of rumen, reticulum, omasum duodenum, ileum, and liver tissues. Significant interactions were also detected between genotype and dietary N. The daily maintenance requirements of ME and digestible N for yak are recommended at 0.46 MJ and 0.97 g per BW 0.75 , respectively (Xue et al., 1994; , although there are no specific recommendations for our indigenous cattle. Our experimental diets supplied about 0.48 MJ ME/BW0.75 and 0.64, 1.11, 1.62, and 2.14 g total N/BW0.75 per day. Therefore, dietary ME was similar to the recommended values for yak, but the 10.3 g N/kg DM diet was far lower than maintenance requirements of digestible N for yak, 2.2-fold greater for the 37.6 g N/kg DM diet, and 1.1-and 1.7-fold greater for the 19.5 and 28.5 g N/kg DM diets, respectively. Therefore, we conclude that the 19.5 and 28.5 g N/kg DM diets will provide greater rumen microbial N to postgastrointestinal lumen than the 10.3 and 37.6 g N/kg DM diets. The relative PepT1 mRNA expression was strongly induced in the rumen and reticulum by the 19.5 and 28.5 g N/kg DM diets and in the omasum by the 10.3, 19.5, and 28.5 g N/kg DM diets but not by the 37.6 g N/kg DM diet. However, the relative PepT1 mRNA expression was strongly induced in small intestine (duodenum, jejunum, and ileum) tissues by the 10.3 and 37.6 g N/kg DM diets.
It has been previously reported that feeding restriction induces the functional development of protein digestion enzymes (Susbilla et al., 2003) , and the PepT1 expression is significantly enhanced in intestinal mucosa under malnourished conditions (Thamotharan et al., 1999; Ihara et al., 2000) . During malnourished states, peptides would mainly come from body protein degradation of the gastrointestinal tract (Backwell, 1994) , and the protein released from the small intestine can maintain animal growth or meet the needs of low level performance (Armentano et al., 1993) . Moreover, highprotein diets improve the gastrointestinal microbial protein synthesis for dairy goats (Felisberto et al., 2011) and fish (Ostaszewska et al., 2010) . Liu et al. (2014) reported that the fish gastrointestinal PepT1 mRNA ex- pression is greater under extreme dietary N levels (35.2 or 67.2 g N/kg DM). The present study showed that the relative PepT1 mRNA expression in the jejunum for yak was greater than that for indigenous cattle when fed the 10.3 and 37.6 g N/kg DM diets; in contrast, it was lower when fed the 19.5 and 28.5 g N/kg DM diets. The reason may be that yak had greater absorption ability in the jejunum to achieve the maintenance requirement under extreme N level conditions. Moreover, PepT1 mRNA abundance and activity are regulated by several factors such as physiological status, nutrient level, substrate concentration, gastrointestinal morphology, villus height and crypt depth, etc. (Verri et al., 2003; Daniel, 2004; Bikker et al., 2006; Gilbert et al., 2008; Hu and Guo, 2008; Opapeju et al., 2009; Hu et al., 2010; Spanier, 2014) . Therefore, these factors may induce the different PepT1 mRNA expression for yak and indigenous cattle, but these comparative studies have not yet been reported and need further investigation. 3 P-value for interaction of dietary N effect with genotype.
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